unit (ICU)-trained personnel who are available 24 hours per day, 7 days per week for evaluation of patients not in the ICU who develop signs or symptoms of clinical deterioration. At the time of the 100 000 Lives Campaign kickoff, evidence existed that RRTs reduced rates of cardiopulmonary arrests outside of the ICU in adults [12] [13] [14] by as much as 67%, 13 and reduced mortality rates in adults 13, 15, 16 by as much as 35%. 15 The RRT intervention was developed in response to research that revealed adult patients on general medical and surgical hospital units often have evidence of physiological deterioration several hours before cardiopulmonary arrest, [17] [18] [19] [20] and that after a cardiac arrest occurred, survival rates were poor. 19, 20 Given that there appears to be a window of opportunity to identify and proactively treat "prearrest" adult inpatients effectively, the Institute for Healthcare Improvement recommended RRTs be implemented nationwide in an effort to decrease inpatient mortality rates.
Limited published data exist evaluating the effectiveness of RRT implementation in pediatric inpatients. Similar to adults, evidence exists that pediatric inpatients can manifest physiological deterioration for several hours before cardiopulmonary arrest. 21, 22 Furthermore, survival rates of pediatric inpatients following cardiopulmonary arrest, including patients in the ICU, is poor, [22] [23] [24] with just 34% surviving 24 hours, 27% surviving to discharge, 23 and 15% surviving 1 year. 24 Survival data focusing on codes outside of the pediatric ICU setting are similar, with just 33% surviving to discharge. 23, 24 These data suggest RRTs have the potential to be an effective intervention in pediatric inpatients as well.
To date, however, there are only 2 published studies describing the effect of an RRT on pediatric outcomes. In a study at the Royal Children's Hospital in Melbourne, Australia, 25 total hospital cardiopulmonary arrest rates and total hospital mortality for 41 months before and 12 months after RRT implementation were compared, revealing a statistically nonsignificant decrease in both. In patients identified as meeting criteria for RRT intervention, statistically significant decreases in cardiopulmonary arrest and mortality rates were witnessed, although the numbers were small. In the Cincinnati Children's Hospital study, 26 total code rate (respiratory arrests plus cardiopulmonary arrests) and mortality rate were compared for 15 months before and 8 months after implementation of an RRT. A significant decrease in code rate (per non-ICU admissions and per 1000 patient-days) was found, but no difference in hospital-wide mortality rate was observed. Despite this paucity of pediatric data, and no demonstration of significant improvements in pediatric mortality or cardiopulmonary arrest rates outside of the ICU at the time of the 100 000 Lives Campaign kickoff, the Institute for Healthcare Improvement endorsed the RRT recommendation for pediatric inpatients as well. 11 The result was that multiple children's hospitals embarked on this intervention with the hope that the adult experiences would translate to better outcomes for children.
In this study, our goal was to evaluate the effect of RRT implementation on hospital-wide mortality rates and code (respiratory and cardiopulmonary arrests) rates outside of the ICU in pediatric inpatients at an academic children's hospital.
METHODS
To determine the effect of an RRT intervention on hospital-wide mortality rates and code rates outside of the ICU setting, we conducted a cohort study using historical controls at the main campus of Lucile Packard Children's Hospital (LPCH). Lucile Packard Children's Hospital is a 264-bed quaternary care children's hospital of which 218 beds are located on the main campus. The distribution of hospital beds at the main campus includes 76 medical-surgical beds, 64 critical-care beds (12 When activated, the RRT was expected to initiate an evaluation of a patient within 5 minutes of the call, write orders necessary for any diagnostic studies and therapeutic interventions, discuss management with the primary physician, and determine the optimal location for the patient's care. All RRT calls were activated via the hospital operator using an emergency paging system. The LPCH RRT program was officially launched on September 1, 2005. The criteria recommended to activate the RRT at LPCH, similar to those used in the experiences reported by the studies of Tibballs et al 25 and Brilli et al, 26 were (1) any staff member worried about a patient, (2) acute change in respiratory rate, (3) acute change in oxygen saturation, (4) acute change in heart rate, (5) acute change in blood pressure, and (6) acute change in level of consciousness. We considered allowing parent activation of the RRT; however, at the time of RRT program implementation, the LPCH Family Advisory Council recommended against doing so.
Main Outcome Measures
The primary outcome measures were hospital-wide mortality rates (all deaths, irrespective of where they occurred in the hospital) and code rates outside of the ICU (per 1000 eligible patientdays and per 1000 eligible admissions). A code outside of the ICU was defined as any patient requiring tracheal intubation, chest compressions, or both (respiratory arrest or cardiopulmonary arrest) who was an inpatient on any of the nonobstetric, nonnursery-based, non-ICU medical or surgical units at LPCH. An eligible patient-day was defined as a day during which a patient was an inpatient on 1 of the nonobstetric, non-nurserybased, non-ICU medical or surgical units at LPCH. An eligible patient admission was defined as any admission during which a patient spent at least 1 day on 1 of the nonobstetric, nonnursery-based, non-ICU medical or surgical units at LPCH. Case mix index, based on the US Centers for Medicare and Medicaid Services cost weights, was assessed monthly for the hospital (well baby nursery and obstetric patients were excluded as defined in the Centers for Medicare and Medicaid Services pediatric methodology) and compared preintervention and postintervention to determine if significant differences in severity of illness existed. 27 Demographic data, including age, sex, and race preintervention and postintervention were assessed as surrogate markers that could reflect important population differences. Race/ ethnicity classification was selfreported by the patient or a family member, with standard options provided by LPCH at the time of admission. Data describing the reasons for RRT activation, the actions taken by the RRT once activated, and the patient disposition after RRT were collected. The primary diagnosis assigned to each deceased patient was categorized into a major diagnostic code, 28 and these codes were compared preintervention and postintervention to determine if significant differences in patient diagnoses existed.
Statistical Analysis
A quasi-experimental approach was used to assess the impact of the implementation of the RRT on mortality rate. 29, 30 Because the mortality rate outcomes are reported monthly, time series modeling was performed to model the potential autocorrelations in time (high mortality rate in January could possibly affect the mortality rate in February or March). Autoregressive integrated moving average (ARIMA) models with a 12-month seasonality effect were implemented, with the Akaike Information Criterion used for covariance model selection to avoid overparameterization of the time series model while maintaining adequate fit. Normalized prediction errors from the full model were evaluated to ensure model accuracy. Possible linear trends preintervention and postintervention were examined. The estimated coefficient of the preintervention vs postintervention periods is interpreted as the impact of the intervention, expressed as the number of additional or decreased deaths per 100 discharges that have occurred per month since the date of implementation. Similar time series methodology has been recently used to evaluate the efficacy of various public health interventions. [31] [32] [33] Code rates showed no evidence of autocorrelation or seasonality, and many of the months had zero codes. Therefore, codes were modeled using Poisson regression, a method appropriate for data consisting of counts of rare events.
With the multiplicative Poisson model, the exponents of the coefficients are equal to the incidence rate ratio (relative risk). 34 Differences in major diagnostic categories preintervention and postintervention were analyzed by using 2 tests. All models were adjusted for monthly case mix index. 27 SAS statistical software version 9.1.3 (SAS Institute, Cary, North Carolina) was used for statistical analysis.
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RESULTS
There were no significant differences between pre-RRT and post-RRT populations based on age (mean [SD], 6.8 [6.3] FIGURE 1 ). The top 3 major diagnostic code categories 28 for the primary diagnosis at death preintervention and postintervention were newborns and other neonates with conditions originating in the perinatal period (40.73% vs 40.49%, P =.96), diseases and disorders of the circulatory system (18.0% vs 19.02%, P =.77), and diseases and disorders of the respiratory system (7.45% vs 10.43%, P=.22). There were no significant differences preintervention and postintervention in the primary diagnosis at death for any of the 25 major diagnostic code categories.
The rate of codes outside of the ICU per 1000 eligible patient-days decreased by 71.2% after RRT implementation, with preintervention and postintervention rates of 0.52 and 0.15, respectively (P = .008) ( Table 2 ). The rate of codes outside of the ICU setting per 1000 eligible admissions decreased as well by 71.7%, with preintervention and postintervention rates of 2.45 vs 0.69, respectively (P =.007) ( Table 2 and FIGURE 2). For comparison, the code rates during the 3-month rollout period (September 1, 2005, to November 30, 2005) were 0.54 per 1000 eligible patient-days and 2.64 per 1000 eligible admissions. The estimated code rate per 1000 admissions for the postintervention group was 0.29 times that for the preintervention group (95% likelihood ratio CI, 0.10-0.65; P =.008), and the estimated code rate per 1000 patient-days for the postintervention group was 0.28 times that for the preintervention group (95% likelihood ratio CI, 0.10-0.64; P=.007).
The ARIMA (2,0,0)(1,0,0) model contained an intercept term, 2 autocorrelation terms, a yearly seasonal effect, and a significant step intervention starting September 2005. Examination of model fit showed small, normalized prediction errors; all were less than 2.5 in magnitude. Predictor error autocorrelation, partial autocorrelation, and inverse autocorrelation were insignificant at all time lags, indicating that the model prediction errors had no significant patterns that had not been modeled. The white noise test indicated that no significant patterns in the model prediction errors existed, and stationarity of the prediction errors was observed by the unit root and seasonal root tests. There was no evidence of a linear trend preintervention or postintervention. Parameter estimates of the autoregressive integrated moving average intervention model are shown in TABLE 3.
The impact of the RRT intervention, using statistical modeling, was a decrease of 0.178 (95% CI, 0.052-0.304) deaths per 100 discharges or 1.78 deaths per 1000 discharges. The average number of discharges per month in our hospital during the entire study period was 974. Therefore, during the 19-month postintervention period, the RRT intervention is estimated to have resulted in 32.9 lives saved.
During the 19-month postimplementation phase, there were a total of 143 RRT activations. The most common indication for RRT activation was respiratory distress, the most common action taken by the RRT once activated was basic airway support, and the most common patient disposition post-RRT was transfer to the pediatric ICU (TABLE 4). A total of 12 patients died 
COMMENT
To our knowledge, this is the first published study of pediatric inpatients to show significant reductions in both hospital-wide mortality rate and code rate outside of the ICU setting after implementation of an RRT. These data support the recommendation made by the Institute for Healthcare Improvement in its 100 000 Lives Campaign to implement RRTs as a strategy to decrease nationwide in-hospital mortality. That recommendation was not without controversy. For example, the commentary by Winters et al 37 claimed that there are insufficient data to support the Institute's recommendation to implement RRT programs nationwide. These authors based their conclusions on their own systematic review, 38 which included the influential yet inconclusive MERIT study. 39 Our results add important information to this debate, providing evidence that RRTs can have a significant impact on hospital-wide mortality within a quarternary care children's hospital setting.
There are at least 2 plausible explanations for the significant reductions in hospital-widemortalityandcoderateoutsideofthepediatricICUsettingwitnessed at our hospital vs other pediatric hospitals. First April 11, 2007) . As a result, we speculate that LPCH has a higher proportion of children at risk for codes on its 26 Indeed, in the study by Tibballs et al, 25 one explanation offeredforthelackofasignificantdecrease in code rate outside of the ICU setting was the "relatively small incidence of paediatriccardiacarrest."Thisdifferenceincase mix index likely explains why this study found significant improvements in code rate and mortality rate only when including patients who met RRT criteria, 25 and why the study by Brilli et al 26 found a significant decrease in code rate per 1000 patient-days only when using a singletailed statistical test. We chose not to stratify outcomes based on whether patients met RRT criteria because meeting criteria was not required for RRT consultation. The decision to include all patients eligibleforRRTinouranalysisratherthan just those who met RRT criteria adds further strength to our conclusion that our RRT intervention was associated with significantly improved mortality and code rates,asdoestheinclusionofthe3-month roll-out phase into the postintervention period for analysis.
A second possible explanation for our improved outcomes is that our postintervention period is substantially longer than both Melbourne's (12 months) and Cincinnati's (8 months). It is possible that the diffusion of the intervention takes several months to occur and the full impact of the RRT intervention was not observed at either Melbourne or Cincinnati during the shorter postintervention time frames they reported. There does not appear to be a significant difference in the composition of RRTs at the 3 sites.
It has been suggested that the improved outcomes associated with RRT implementation might be the result of the education associated with the RRT rollout rather than the team's activity itself. 37, 40 We believe that this is an unlikely explanation for these significant improvements. Educational interventions, in particular those covering a large number of staff (nurses, physicians, and respiratory therapists) who work throughout a hospital, are often ineffective and rarely attain such dramatic effects on outcomes. [41] [42] [43] [44] [45] Also, there were no concerted educational in- ) and a few positive-pressure breaths administered with a bag valve mask before implementation of basic airway support in 8 patients (5.6%). No patient required rescue breaths with a bag valve mask or tracheal intubation, and no patients had a respiratory arrest. e Minor adjustments in bilevel positive airway pressure or continuous positive airway pressure settings in patients already using these modalities. Tracheal intubation was not necessary in any of these patients. f Listed as an "action" when the only action taken by RRT was to move the patient to the pediatric ICU. g Intubation, intravenous/intraosseous access, or unplugged nasogastric tube (0.7% each). h Refers to location of the patient at the conclusion of the RRT visit. i Surgical ward or operating department (0.7% each).
terventions related to the RRT after the RRT intervention was initiated at LPCH; however, the improved outcomes continued. Furthermore, these improved outcomes have continued despite turnover among the resident physicians, nurses, and other staff, suggesting that the team rather than the education associated with the rollout is more likely the source of the improvements. Realtime education related to the recognition and care of decompensating patients for medical-surgical staff by ICU-trained RRT members certainly could impact patient care and outcomes in the near term. However, we believe improvements as dramatic as those observed in our study require systematic changes beyond a simple educational intervention to continue over time. For example, it is conceivable that the initial hospital-wide educational intervention, combined with the immediate availability of an ICU-trained RRT that provides reinforcement and enhancement of this education with each activation, resulted in an increased ability of clinical staff to recognize and proactively address patient deteriorations. This explanation is supported by the decrease in RRT calls during the 19-month intervention period to levels below the effective threshold suggested by the Institute for Healthcare Improvement (20-25 calls per 1000 discharges). 46 Strategies other than an RRT that identify and respond to patients earlier in the course of a decompensation could have the same effect as an RRT. For example, 1 potential strategy to decrease codes outside of the ICU setting suggested by Winters et al 37 is the integration of hospitalists. We are in a good position to evaluate a hospitalist intervention at a local level, because we introduced a medical-surgical ward hospitalist service 26 months ( July 2003) before RRT implementation. Assuming that there was no delayed effect, the introduction of the hospitalist service, although valuable for multiple reasons, did not affect either mortality rate or code rate outside of the ICU setting. Both outcomes were unchanged until the RRT intervention commenced. The lack of impact by the hospitalist program on these outcomes was in part responsible for the addition of the RRT intervention at LPCH 26 months later.
The commentary by Winters et al 37 also presented concerns about the implications of the Institute for Healthcare Improvement recommendation for RRT implementation on resource allocation. Specifically, they stated "national efforts to improve patient safety should be supported by sufficiently strong evidence to warrant such a commitment of resources." At LPCH, the RRT program was designed and implemented with no additional increase in funding for staffing, a decision supported by the time allocation required for calls during the first 19 months of the intervention. Specifically, the RRT program resulted in a mean of 7.5 RRT calls per month (143 calls during 19 months), with a mean time spent by the 4 RRT members of 22.5 minutes each per patient (median, 18 minutes). The costeffectiveness of the RRT intervention should be studied in more depth, however, to address this concern adequately. Our study limitations are similar to those of other cohort studies using historical controls. In particular, there are 2 relevant biases that could have affected the results. First, it is possible that the reduced rates of mortality and codes outside of the ICU were simply the result of differences in the preintervention and postintervention populations and are independent of the RRT intervention. We found no differences between control and intervention populations related to age and, more significantly, case mix index, suggesting that the intervention population was no less ill than the control population. All-patient refined diagnosis related groups, which provide a more discriminating measure of severity of illness than case mix index, are not calculated at LPCH; therefore, we could not use this method. 47 We did observe small differences in sex and race between preintervention and postintervention populations. We do not think that these small differences are clinically significant, although statistically significant due to large sample sizes, or likely to bias our main outcome measures. No data suggest female children are less susceptible to codes or death after codes than male children are, 24 and emerging literature suggests that minority patients are at higher risk for poor outcomes and patient safety breaches during an inpatient stay than are nonHispanic white patients. 48, 49 Thus, the slightly higher percentages of female and minority patients in the postintervention population are not likely to be the cause of the improved outcomes.
Second, it is possible that there were 1 or more other interventions implemented contemporaneously that might have decreased mortality rates and code rates outside of the ICU setting. We are not aware of any such interventions. Although this remains a possibility, it would be an unlikely coincidence that unidentified interventions would have such a profound effect on mortality and code rates outside of the ICU, and that these would impact the rates at the exact time that the RRT intervention was introduced. Finally, we recognize that these data represent a single center's experience; therefore, the results cannot necessarily be generalized to other pediatric hospitals.
CONCLUSION
Implementation of an RRT in our freestanding, quaternary care academic children's hospital was associated with statistically significant reductions in hospital-wide mortality rates and code rates outside of the ICU setting. These reductions cannot be explained by differences in patient characteristics or severity of illness between the control and postintervention populations. Based on our findings, we estimate that 33 children's lives were saved in 19 months at LPCH as a direct result of the RRT implementation. The potential implications of these findings on national mortality rates for children are dramatic. Future research should focus on replicating these findings in other pe-diatric inpatient settings, including settings where children are treated in predominantly adult-focused hospitals, developing efficient methods for implementing RRTs, and evaluating the costeffectiveness of this intervention.
